At the (001) surface of the alloy Ni 50 Mn 50 , a noncollinear spin density is observed in real space by spinpolarized scanning tunneling microscopy. The spin density of individual atoms also varies in both size and direction as a function of bias voltage, indicating a noncollinearity in the energy domain. The noncollinearity is driven by a surface reconstruction which breaks the otherwise high surface symmetry. Firstprinciples electronic-structure calculations support the experimental observations and evidence the interplay of reconstruction and spin-orbit coupling.
At the (001) surface of the alloy Ni 50 Mn 50 , a noncollinear spin density is observed in real space by spinpolarized scanning tunneling microscopy. The spin density of individual atoms also varies in both size and direction as a function of bias voltage, indicating a noncollinearity in the energy domain. The noncollinearity is driven by a surface reconstruction which breaks the otherwise high surface symmetry. Firstprinciples electronic-structure calculations support the experimental observations and evidence the interplay of reconstruction and spin-orbit coupling. DOI Antiferromagnets in contact with ferromagnetsknown as exchange-biased systems-play an important role in many magnetoelectronic devices [1] . The exchange-bias effect is due to the exchange interaction across the antiferromagnet-ferromagnet interface. Detailed understanding of the spin polarization on the atomic level of antiferromagnetic surfaces is therefore helpful in understanding exchange bias. With the development of spin-polarized scanning tunneling microscopy (Sp-STM), it became possible to study spin configurations at antiferromagnetic surfaces with atomic resolution [2] . While Sp-STM studies on antiferromagnets have been carried out predominantly on pure elements [2, 3] , the technologically relevant antiferromagnets are alloys (e.g., FeMn [4] , IrMn [5] , and NiMn [6, 7] ). NiMn gains special interest because of its thermal stability, corrosion resistance, and high Néel temperature (1070 K) [8] .
In this joint experimental and theoretical investigation, we show by Sp-STM that the surface spin density of NiMn films is noncollinear in space and energy, contrary to expectations. The very reason for this effect is a broken surface symmetry, details of which are obtained by lowenergy electron diffraction (LEED) analysis. The atomic relaxations -in interplay with spin-orbit coupling-result in a complicated, noncollinear, and energy-dependent spin polarization, as is supported by first-principles electronicstructure calculations.
Chemically ordered Ni 50 Mn 50 shows a CuAu-I facecentered tetragonal structure (L1 0 with lattice constants a b 3:74 A and c 3:52 A [9] ). Mn and Ni atoms occupy alternating atomic sheets perpendicular to the c axis. The magnetic moments of adjacent Mn atoms (3:8 B ) lie within the Mn sheets and are antiparallelly aligned while the Ni moments vanish [8] , resulting in a layerwise antiferromagnetic structure along the a or the b direction, as was shown by neutron diffraction experiments. Recently, it has been reported that chemically ordered equiatomic NiMn can be grown epitaxially on Cu(001) [10] . Exchange bias was observed by depositing Co on NiMn=Cu001, indicating that the NiMn thin films are antiferromagnetic.
The experiments were performed in ultrahigh vacuum (base pressure <1 10 ÿ10 mbar). Cu(001) was cleaned by cycles of Ar sputtering and annealing to 800 K. Ni and Mn were deposited while keeping the substrate at room temperature, followed by annealing at 350 K. The NiMn composition was checked by medium-energy electron diffraction whose intensity oscillations reflect the layer-bylayer growth of Ni and NiMn on Cu(001) [10] . For the Sp-STM measurements at 300 K, a ferromagnetic CoFeSiB ring was used as a STM electrode [11] . The magnetization direction of the ringM ring is switched periodically between two stable states of opposite magnetization. Because of the tunnel magnetoresistance effect, the tunnel current between ring and sample depends on the direction ofM ring with respect to the sample spin polarization. Hence, the difference of the two associated tunnel currents is proportional to the projection of the spin polarization on the ring tangential [3] . A major advantage of this method is that the ring has a well-defined direction of in-plane spin sensitivity, determined by its shape [12] . Further, the signal is of purely magnetic origin [13] . This technique is therefore well suited for investigating alloy films. A detailed description can be found elsewhere [13] .
The structure of NiMn films on Cu(001) is similar to that of the respective bulk, with Ni and Mn atomic sheets oriented perpendicular to the Cu(001) surface. In this configuration, the chemical unit cell [ Fig. 1(c) ] naturally results in a c2 2 LEED pattern [10] .
Indeed, bright dots in the atomically resolved topography obtained by STM clearly form c2 2 cells [e.g., square I with dimension 3:6 A 3:6 A, Fig. 1(a) ]. A careful analysis of the STM image shows, however, that the central atom in square II slightly shifts from the center towards the right-bottom corner. Further, every second bright dot appears higher (brighter) and every second dark depletion deeper (darker). Both observations are com-patible with a larger p2 2 cell and indicate a broken c2 2 symmetry by surface reconstruction.
Because relaxations in alloys can hardly be quantified by STM, a LEED-IV analysis is performed to determine the atomic positions, using the SATLEED package [14] . Allowing only relaxations perpendicular to the surface in the outermost two layers while keeping the lateral positions as prescribed by the substrate results in a best-fit geometry with a Pendry R factor of 0.36 [ Fig. 1(b) ]. An error of 0:05 A in the atomic positions is estimated from the variance of the R factor [15] . The outward relaxation of the Mn atoms is much larger than those of the Ni atoms [ Fig. 1(c) ]. As a result, bright protrusions in the STM image are identified as Mn atoms [ Fig. 1(a) ]. The surface atoms are deliberately separated into two groups: Mn1 and Mn2 as well as Ni1 and Ni2 which differ in their perpendicular relaxation. Considering the lateral displacement of the surface atoms, which is evident from the STM analysis, a slightly improved LEED-IV fit (R factor: 0.34) is obtained with Mn2 atoms laterally displaced off the Mn sheets [left in Fig. 1(c) ]. Both the size and direction of this displacement are compatible with the STM data.
Because of the fourfold symmetry of the Cu(001) substrate, two orthogonal domains of NiMn can exist. These are distinguished by the orientations of the Mn sheets either along [100] or along [010] . In the large scale topographic image [ Fig. 2(a) ], atomically flat terraces and islands are observed. Indications of the direction of the Mn planes in the different domains are missing, as the topographic STM images mainly reflect the electronic differences between Ni and Mn of the top layer. On the contrary, the spin-resolved image shows two different spin patterns [marked as domains 1 and 2 in Fig. 2(b) ]. Domain 1 displays a checkerboard structure whose unit cell coincides with the c2 2 chemical unit cell. Domain 2 exhibits parallel lines, the separation of which equals that of adjacent Mn sheets. Hence, one is lead to conclude that these spin patterns reflect two structural domains with orthogonal Mn sheets. Note that contrast between atomic layers is not observed, implying an inplane compensated spin density. From the symmetry point of view, the magnetic properties of the domains are expected to be identical, but they appear differently in the spin-resolved STM image because the projections of their spin polarizations onto the spin-sensitive directionM ring of the STM differ.
Depending on the domain orientation with respect tõ M ring , the spin pattern is either shifted or not shifted when crossing an atomic step edge. For example, a shift of half of the c2 2 cell across the step is found, as indicated by the black line in Fig. 2(b) . This allows us to determine the Mn-sheet orientations with respect toM ring if the bulk magnetic structure is assumed for the subsurface NiMn layers. As a result,M ring is parallel to the Mn sheets in domain 1 and perpendicular to Mn sheets in domain 2.
A detailed analysis reveals that the spin polarization of the tunnel current depends significantly on the bias voltage (negative voltages correspond to tunneling from occupied states of the sample). For domain 1 (M ring parallel to the sheets; upper row in Fig. 3 ), the spin-resolved image for ÿ0:1 V shows weak contrast, evidently with p2 2 cells. This agrees with both the atom-resolved topography and the LEED-IV analysis. At positive voltages, the spin unit cell is reduced to dimension 3:6 A 3:6 A and conforms with the c2 2 chemical unit cell. For domain 2 (M ring perpendicular to the sheets; center row), there is apparently no ordered feature at negative bias voltages. The spin pattern at positive voltages is characterized by parallel stripes separated by 3.6 Å . The stripes reflect the twofold symmetry of the film due to the atomic sheets. Note that all images were taken with the same STM tip, allowing direct comparison of the orthogonal projections of the spin polarization. If the surface spin structure were collinear, i.e., the spin polarization of all individual atoms are aligned along a unique axis, the spin patterns of the two domains should be identical, except for a scale factor. Thus, the difference of the patterns at positive voltages reflects the noncollinearity of the spin polarization in real space, and the change of the spin unit cell in domain 1 from p2 2 to c2 2 indicates a change of the spin polarization direction as a function of bias voltage. The latter can be viewed as noncollinearity of the spin polarization in the energy domain (in the collinear case, only the size of spin polarization may change with the energy of the electrons).
The two kinds of noncollinearity (in real space and in energy) are easily identified by combining two spin patterns to form a vector map of the in-plane spin polarization [12] . A map at a given voltage is obtained by adding vectorially a 90 -rotated image of domain 1 to the related image of domain 2. The results show that both the direction and relative magnitude of the spin polarization depend strongly on the bias voltage (bottom row of Fig. 3 To summarize the findings obtained so far, the NiMn surface shows an in-plane compensated spin density which is noncollinear in both the space and the energy domain. Even within a single atom, the spin density is noncollinear as a function of the electron energy. This was probed by varying the applied bias voltage which opens the ''energy window of tunneling.'' Because the spin polarization of the density of states changes with energy, so does the spin polarization of the tunnel current.
Symmetry arguments suggest that the ground-state spin structure of an ideal (unreconstructed) NiMn surface is collinear. However, since there is evidence for reconstruction (from the LEED-IV analysis, Fig. 1 ), the geometric symmetry is broken, and a noncollinear magnetic structure might evolve. This mechanism requires spin-orbit interaction as a means to couple the orbital degrees of freedom (which are sensitive to the atomic displacements) to the spin degrees of freedom (which determine the spin polarization of the tunnel current).
To support the above explanation of noncollinearity by reconstruction, scalar-relativistic and fully relativistic firstprinciples electronic-structure calculations were carried out for 6 ML-NiMn films on Cu(001) within the local spin-density approximation to density-functional theory, using Korringa-Kohn-Rostoker methods for layered systems [16, 17] . Both the unreconstructed and the experimental geometries were considered in the self-consistent calculations.
For NiMn bulk, the collinear antiferromagnetic phase is energetically preferred to the ferromagnetic phase, in agreement with earlier work [8, 9] and calculations for a similar system [NiMn=Ni001 [18, 19] ]. The magnetic moments of nearest-neighbor Mn atoms in the film couple antiferromagnetically, whereas those of second-nearest Mn atoms couple ferromagnetically. For the film, the total energy of the reconstructed p2 2 cell (with atomic positions taken from the LEED-IV analysis) is lower than that of the ideal c2 2 cell, thus supporting the LEED-IV analysis. The surface magnetic moments are trend of the spin contrast in STM: weak contrast for negative bias voltages, large for positive bias voltages in agreement with a small (sizable) spin polarization below (above) the Fermi energy.
Calculations of the magnetocrystalline anisotropy for homogeneously magnetized 6 ML films evidence perpendicular anisotropy (energy gain of 3.078 meV per 2D unit cell with respect to the in-plane in-sheet alignment). This corroborates the absence of the layerwise contrast in the experiments since the ring electrode has in-plane spinsensitive direction. Further, the energy gain for in-plane magnetic moments normal to the Mn (Ni) atomic sheets is 2.651 meV per 2D unit cell. Hence, the magnetization may tilt off the Mn (Ni) sheets easily, in agreement with the experiments but contrary to the bulk case.
To mimic the wave vector filtering by the STM tip, the Bloch spectral function was investigated atk k 0. At the center of the Brillouin zone, the local density of states decays slowest towards the vacuum and contributes presumably largest to the tunnel current [20] . By assuming the magnetization perpendicular to the surface, it is found that, without relaxation or without spin-orbit interaction, the spin polarizationP of the surface atoms is fully aligned with the magnetization direction, thus forming a collinear spin structure. By taking into account both spin-orbit interaction and relaxation, both the size and direction of the in-plane components of the spin polarization are nonzero and depend significantly on energy (cf. Fig. 4 ). This indicates an energy-dependent rotation ofP associated with each individual atom (Mn1, Mn2, Ni1, and Ni2). Hence, theory supports the explanation of the noncollinear spin patterns found in experiment by reconstruction in interplay with spin-orbit coupling.
In conclusion, the surface spin polarization of the antiferromagnetic alloy NiMn was investigated with atomic resolution. The spin polarization, as obtained by spinpolarized scanning tunneling microscopy, deviates significantly from an expected collinear alignment. This effect is attributed to the interplay of surface reconstruction, i.e., to symmetry breaking within the surface layer, and spin-orbit coupling. This explanation is corroborated by theoretical densities of states and spectral densities, showing qualitative agreement with respect to the energy dependence of the experimental spin contrast in Sp-STM.
One might speculate that our findings show up also at surfaces of other antiferromagnetic alloys, indicating a possibly general behavior in complex antiferromagnetic materials. The effect may also be present at antiferromagnet-ferromagnet interfaces. The symmetry breaking of the interface structure might then be caused by the relaxation of a lattice mismatch at the interface in the form of a coincidence structure, dislocations, or grain boundaries. In that case, the noncollinear configuration in the real space and the energy domain leads to alterations of the Heisenberg exhange across the interface and could reduce the exchange bias. 
